ABSTRACT We investigated the steering responses of tethered, flying adult female crickets (Telogilus oceanicus) to acoustic stimulation. Crickets res directionally to directional sound stimulation by bending their abdomens and hind legs to one side. We interpret this response as an attempt to turn. When stimulated with a model ofconspecific calling song with a carrier frequency of from 3 to 9 kHz, crickets turned toward the sound source. We believe that this indicates a positive phonotactic response of flying females to calling, conspecific males. When offered a choice between cons ecific song and the song of another species, females turnedexclusively toward conspecific song, demonstrating that the response is species specific. The direction of the response is dependent on the carrier frequency of the song, and it demonstrates frequency discrimination. Females tuned toward cafling song when it was played at carrier frequencies from 3 to 9 kHz, but they turned away from the sasie song pattern played at carrier frequencies from 30 to 70 kHz. This negative phonotaxis to In this paper we describe the role of carrier frequency in the phonotactic behavior of crickets. We describe the behavior of tethered, flying crickets stimulated with their conspecific calling song pattern played at various carrier frequencies. At frequencies similar to those produced by calling males, crickets performed steering movements toward the sound source; at higher frequencies, such as those produced by hunting bats, they steered away from the sound source. METHODS Adult virgin Teleogryllus oceanicus females were selected from a laboratory culture within one month -of the imaginal molt. Each cricket was tethered by the pronotum to a holder and suspended in a wind stream (wind speed 1-3 m/sec). This procedure induced most crickets to fly. Room temperature was maintained between 240C and 260C. Each animal's behavior was monitored and taped for later analysis with a Sony AV 3400 video system. A photocell mounted on the video monitor screen indicated abdominal position. As the image of the cricket's abdomen moved across the screen the amount of light falling on the photocell, and consequently its dc voltage, varied. Thus, the amplitude of the photocell output reflected the instantaneous position of the abdomen.
Most crickets are nocturnally active; some species fly at night (13) . Like other night-flying insects, they are vulnerable to predation by bats. Bats locate their prey by emitting ultrasonic signals and monitoring their echoes (14) . Some insects can detect these ultrasonic signals and use this information to avoid predation. Moths of several families (Noctuidae, Arctiidae, Geometridae) for example, fly away from low-intensity ultrasound (such as might be produced by a distant bat) and perform other evasive maneuvers (e.g., power dives) in response to higher intensities of ultrasound (15, 16) . Green lacewings (Chrysopidae) cease flying and drop to the ground when they detect bat cries. (17, 18) . These behaviors effectively reduce the likelihood of being captured.
In this paper we describe the role of carrier frequency in the phonotactic behavior of crickets. We describe the behavior of tethered, flying crickets stimulated with their conspecific calling song pattern played at various carrier frequencies. At frequencies similar to those produced by calling males, crickets performed steering movements toward the sound source; at higher frequencies, such as those produced by hunting bats, they steered away from the sound source. METHODS Adult virgin Teleogryllus oceanicus females were selected from a laboratory culture within one month -of the imaginal molt. Each cricket was tethered by the pronotum to a holder and suspended in a wind stream (wind speed 1-3 m/sec). This procedure induced most crickets to fly. Room temperature was maintained between 240C and 260C. Each animal's behavior was monitored and taped for later analysis with a Sony AV 3400 video system. A photocell mounted on the video monitor screen indicated abdominal position. As the image of the cricket's abdomen moved across the screen the amount of light falling on the photocell, and consequently its dc voltage, varied. Thus, the amplitude of the photocell output reflected the instantaneous position of the abdomen.
The auditory stimulus was a train of electronically synthesized sound pulses (rise and fall times, 5 msec; duration, 30 msec), with the temporal pattern of T. oceanicus calling song recorded at 24.5 
RESULTS

Steering behavior
In the absence of acoustic stimulation, most crickets assumed a straight and symmetrical flight posture, with the abdomen and metathoracic legs extended directly backwards (Fig. 1A) . Not all animals flew in the wind stream; those that did not fly, or did not fly straight in the absence of acoustic stimulation, were not used for experimentation. In response to a suprathreshold sound stimulus the cricket bent her abdomen and hindlegs to one side ( Fig. 1 B and C) and maintained this position for the duration of stimulation ( Fig. 1 E and F) . Similar movements occur during turning in the yaw plane in flying locusts (20) (21) (22) and moths (16) . Presumably these movements increase aerodynamic drag on one side and thus facilitate turning toward that side (22) . Thus we interpret movements of the abdomen and hindlegs to the right (or left) as attempts to turn toward the right (or left).
Responses such as those illustrated in Fig. 1 These results are summarized in Fig. 2 , which depicts the median threshold for all 12 animals at the various frequencies tested. The sensitivity of the cricket's ear varies sharply as a t The findings reported here are not an artifact of the ascending order of frequencies of successive stimuli; similar results were obtained in preliminary experiments in which we alternated between low-and high-frequency stimuli.
Neurobiology: Moiseff et al. function of sound frequency (24, 25) . Because of the relative insensitivity of the ear at some frequencies, we could not play sound loudly enough at all frequencies to exceed behavioral threshold. Thus, 8 of the 12 animals tested failed to respond at 3 kHz, even at our highest intensities;-Similarly, one failed to respond at 4 kHz, two at 50 kHz, five at 70 and 80 kHz, two at 90 kHz, and four at 100 klLz We have plotted in Fig. 2 median response thresholds, rather than means, because the values of the medians do not depend on the numerical values of the thresholds of the nonresponding animals, as long as more than half of the animals responded. Because fewer than half of the animals responded at 3 kHz,-we could not determine the median response threshold at this frequency. We have plotted instead the highest of the four measured thresholds; this is an underestimate of the true median. The threshold curve in Fig.  2 illustrates the two sensitivity peaks described above; a sharply tuned region of peak sensitivity (lowest threshold) at 5-5.5 kHz, and a broadly tuned, less-sensitive (higher threshold) peak from 40 to 60 kHz.
Direction of response
We have plotted in Fig. 3 the direction of the response at threshold intensity. (Fig. 4) . (10) (11) (12) . This is also true for the steering behavior reported here; the peak in sensitivity at 5-5.5 kHz corresponds to the carrier frequency of T. oceanius calling song (4.5-5.4 kHz). Phonotaxis in all species studied is species specific; females are more likely to locomote toward a source of conspecific song than toward a source of heterospecific song (5) (6) (7) (8) (9) (10) (11) (12) . Such species specificity is also evident in steering behavior; T. oceanicus (30) and green lacewings (31) . A similar sensitivity peak in the ultrasonic range was reported for crickets in the only study we know of to include this frequency range (32) . The close correspondence between the ultrasonic frequency sensitivities of these insects (which represent three orders) is not surprising, in view of the fact that this range encompasses the dominant sound frequencies of bat cries (14) . The thresholds for behavioral responses to ultrasound that we observed are substantially higher than those of moths [40 (17) ].
Walking crickets determine the direction of a sound source by integrating information from the two ears (33) . Our experiments with crickets having only one front leg confirm this finding. Bailey and Thomson (34) found that of the two tympana on each front leg, the posterior one provides the major input to the ear. We confirm this result and extend it into the ultrasonic range. Biophysical studies (35, 36) also implicate the posterior (rather than anterior) tympanum as being of major importance; however, frequencies greater than 30 kHz were not investigated.
The difference in direction of steering to identically patterned low-and high-frequency sound represents a clear-cut behavioral demonstration of frequency discrimination in insects. Because both the low-and high-frequency stimuli were presented at behaviorally equivalent intensities, i.e., at threshold, the difference in steering direction must be due to true frequency discrimination, rather than to apparent intensity differences at different frequencies. Earlier studies by Popov and Shuvalov (12) suggested that crickets perform frequency discrimination. They found that freely walking adult females do positive phonotaxis to calling song at frequencies of 4-4.5 kHz, but that tethered flying females perform escape movements to 100-msec tones of higher frequencies. However, because the crickets were walking in one case and flying in the other, and because the stimulus was calling-song in one case and long tones in the other, an unambiguous interpretation of these results is difficult. Physiological studies have demonstrated frequency discrimination in insect nervous systems (37) (38) (39) 
